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The possibility that high energy nuclear collisions may give some 
new insight into the dynamics of QCD is discussed. Recent experi- 
mental data on the EMC is discussed in the perspective of various 
theoretical models for the effect. The prospects of making and ob- 
serving a quark-gluon plasma in ultra-relativistic nuclear collisions 
is reviewed. The status of experimental programs at CERN and at 
BNL is assessed. 

1 Introduction 

Perhaps the most interesting aspect of high en- 
ergy nuclear interactions is that it may allow for 
tests of unique features of QCD. These features 
reflect non-perturbative phenomenon such as con- 
finement and chiral symmetry breaking. In this 
talk I shall first give an overview of current the- 
oretical understanding of these non-perturbative 
phenomenon. The EMC effect gives a measure of 
these effects when particle number densities are of 
the order of those in nuclei, p - 0.15 Fme3. This 
density is less then the typical density scale set for 
QCD, p - htCo u 1 Fm-s. 

To study matter at densities of the order of and 
larger than those typical of QCD, we must study 
either the collisions of ultra-relativistic nuclei, or 
very high multiplicity fluctuations in hadron- 
hadron collisions. We shall see that simple argu- 
ments suggest that densities far in excess of those 
typical of ordinary nuclei may be achieved under 
such extreme conditions. I will briefly discuss a 
few suggested experimental probes of high density 
matter as it might be produced in such collisions. 

There is now a major experimental effort under 
way at CERN and BNL to make and study ultra- 
relativistic nuclear collisions, as well as an effort at 
FNAL to study the extreme environment provided 
in high multiplicity fluctuations in pp collisions at 
the Tevatron. I shall briefly outline these pro- 

grams, describing who is involved in these exper- 
iments, what they will attempt to measure, and 
when various experiments will be running. 

An exciting subject which I shall not review 
in this talk is small-x physics. This problem has 
been studied in detail by the Leningrad groups 
of Gribov-Levin-Ryskhin and by Frankfurt and 
Strickman.‘J There were no representatives of 
these groups to present results at this meeting, 
and with my incomplete knowledge of the field, I 
do not feel competent to review it. 

2 The Properties of High Energy 
Density Hadronic Matter 

In this section I shall discuss the properties of 
hadronic matter at high energy density. The word 
high implies a scale for the measurement of the 
energy density. Such a scale may be provided by 
a variety of estimates, all of which agree on the 
order of magnitude of a typical density scale for 
hadronic matter. The first is the energy density of 
nuclear matter. With m the proton mass, RA the 
nuclear radius, and A the nuclear baryon number, 
the density of nuclear matter is 

Am 
PA - - - .14 Gev/Fd 

$?rRi (1) 

We can also use Eq. 1 to estimate the energy 
density inside a proton. If we use a proton radius 



of .8 Fm, Eq. 1 gives 

PP - .5 Gev/Fm3 (2) 

There is a good deal of uncertainty in this esti- 
mate of p,. We might have instead used the MIT 
bag radius, or a proton hard core radius, corre- 
sponding to an order of magnitude uncertainty in 
Eq. 2. Finally, another estimate comes from di- 
mensional grounds using the value of the QCD A 
parameter, suitably defined as Atn, or A,,,,,,,,, as the 
dimensional scale factor. Using the A parameter, 
we find 

~QCD - A’ - .2 Gev/Fm’ (3) 

Again there is an order of magnitude uncertainty 
both due to the lack of precise experimental knowl- 
edge of A, and differences induced by using alter- 
native sensible definitions of A. 

In all of the above energy density estimates, 
the typical scale wss in the range of several hun- 
dreds of MevJFm3 to several GevfFm3. At en- 
ergy densities low compared to this scale, we pre- 
sumable have a low density gas of the ordinary 
constituents of hadronic matter, that is, mesons 
and nucleons. At densities very high compared to 
this scale, we expect an asymptotically free gas of 
quarks and g1uons.3 At intermediate energy den- 
sities, we expect that the properties of matter will 
interpolate between these dramatically different 
phases of matter. There may or may not be true 
phase changes at some intermediate densities. 

To understand how such a transition might 
come about, consider the example of QCD in the 
limit of a large number of colors, No .’ Recall that 
extensive quantities such as the energy density, e, 
or entropy density, o, measure the number of de- 
grees of freedom of a system. The dimensionless 
quantities c/T’ or a/T3 should be of the order of 
the number of degrees of freedom. For hadronic 
matter, the number of degrees of freedom relevant 
at low density are the number of low mass hadrons. 
Since matter is confined at low density, the num- 
ber of such degrees of freedom is Nd,,f N 1 in 
terms of the number of colors. At high energy den- 
sity, the relevant number of degrees of freedom are 
those of unconfined quarks and gluons. The gluons 
dominate and give NdOf - Ni. Therefore in the 
large N limit, the number of degrees of freedom 
change by an infinite amount. 

Assuming that the transition occurs at finite 
temperature in the large No limit, as is verified 

64’ - T/h, 

Figure 1: Energy density scaled by T’ as a func- 
tion of T 

by Monte-Carlo simulation, this result can be in- 
terpreted in two ways6 From the vantage point of 
a high density world of gluons, the asymptotic en- 
ergy density is finite, but at low energy density at 
some finite temperature the energy density goes 
to zero. The energy density itself is therefore an 
order parameter for a phase transition, and there 
is a limiting lowest temperature. Viewed from the 
low density hadronic world, there is some limiting 
temperature where the energy density and entropy 
density become infinite. Here there is a Hagedorn 
limiting temperature.6 

For No = 3, the above statements are only 
approximate. The number of degrees of freedom 
of low mass mesons is 

&of - N; - 4 (4) 

where we have taken the number of low mass 
quarks to be NF - 2 for the up and down quarks. 
The number of degrees of freedom of a quark-gluon 
plasma is on the other hand 

Ndof - 40 (5) 

The number of degrees of freedom might change in 
a narrow temperature range, or there might be a 
true phase transition where the degrees of freedom 
change by an order of magnitude, if our specula- 
tions concerning the large No limit are applicable. 

Results of a Monte-Carlo simulation of the en- 
ergy density are shown in Fig. l.‘-‘* These results 
are typical of the qualitative results arising from 
lattice Monte-Carlo simulation. The precise val- 
ues of the energy density are difficult to estimate 
ss is the scale for the temperature. The figure 



aoes make clear the essential point, on which all 
Monte-Carlo simulations agree, that the number 
of degrees of freedom of hadronic matter changes 
by an order of magnitude in a narrowly defined 
range of temperature. There is apparently a first 
order phase transition for SU(3) Yang-Mills theory 
in the absence of fermions, and a rapid transition 
which may or may not be a first order transition 
for SU(3) Yang-Mills theory with two or three fla- 
vors of massless quarks. 

For Yang-Mills theory in the absence of dy- 
namical quarks, there is a local order parameter 
which probes the confinement or deconfinement of 
a system. This order parameter measures the ex- 
ponential of the free energy difference between the 
thermal system with and without the presence of 
a single static test quark inserted as a probe, 

< L > = e-@% 
(6) 

AS originally proposed by Polya- 
kovi3 and Susskind,” and developed in Monte- 
Carlo studies,ssg the Polyakovloop is a Wilson loop 
at the position of the quark which evolves only in 
time and is closed by virtue of the thermal bound- 
ary conditions which make the system have a fi- 
nite extent in Euclidian time. The two phases of 
the theory are the confined and unconfined phases 
where 

&% - finite if confined, or 0 if deconfined 

(7) 
This quantity is an order parameter for a 
confinement-deconfinement in theories without 
fermions or in the large No limit in theories with 
fermions (in the fundamental representation of the 
gauge group). If there are fermions in the fun- 
damental representation, in the ‘confined phase’ 
dynamical fermions may form a bound state with 
a heavy test quark, so the free energy is finite in 
what would be the confined phase.‘s Since it is 
already finite in the deconfined phase, the free en- 
ergy of a static test quark does not provide an 
order parameter. 

Although < L > is not an order parameter, 
Monte-Carlo simulations with dynamical fermions 
show that < L > changes very rapidly in a nar- 
row range of temperatures. This is illustrated in 
Fig 2,’ which is typical of lattice computations. 
For SU(3) lattice gauge theory without dynamical 
quarks, when < L > is a true order parameter, 
there is a noticeable discontinuous change. It is 

Figure 2: Exponential of free energy of isolated 
static quark as a function of T 

not entirely clear whether there is a discontinuous 
change corresponding to a true phase change for 
the theory with fermions. 

In the limit of large dynamical quark mass the 
quarks are no longer important at any finite tem- 
perature and decouple. In this limit the 
confinement-deconfinement phase transitions is a 
well defined concept with an order parameter 
which measures a phase change. At zero quark 
masses there is another phase transition which 
may be carefully defined, that is, the chiral sym- 
metry restoration phase transition. Chiral sym- 
metry is a continuous global symmetry of the QCD 
lagrangian in the limit of zero quark msss. Its 
realization would require that all non-zero mass 
baryons have partners of degenerate mass and op- 
posite parity. Since this is far from true for the 
spectrum of baryons observed in nature, chiral 
symmetry must be broken. Breaking the contin- 
uous global symmetry generates a massless Gold- 
stone boson, which we identify with the light mass 
pion. As a consequence of the breaking of chiral 
symmetry, the quarks acquire dynamical masses, 
which may be seen by computing < G* >. For 
the chiral symmetric phase, < ?@‘I’ > = 0, and is 
non-zero in the broken phase. 

For not unreasonable values of the quark 
masses, < @I’ > is plotted in Fig. 3. There ap- 
pears to be a rapid change in < Tq > at about 
the same place where the order parameter < L > 
changes rapidly. We conclude therefore that chiral 
symmetry is approximately restored at the same 
temperature where quarks stop being approxi- 
mately confined. The word approximately is im- 
portant here since absolute confinement or abso- 
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Figure 3: $U and free energy of isolated quark as 
function of T 

lute chiral symmetry is impossible for finite mass 
dynamical quarks. 

We can now conjecture on the phase diagram 
in the temperature mass plane. It is important 
to realize that we may physically vary the tem- 
perature, but not the masses of quarks. Theoret- 
ically in a Monte-Carlo simulation, these masses 
may be changed, but they cannot be changed in 
nature. It is also important to realize that the 
mass-temperature diagram represents an oversim- 
plification to the case of equal mass quarks. With 
different mass quarks, the diagram has more vari- 
ables and is more complicated. 

To plot this diagram, we first discuss the lim- 
iting case m = co. Here there should be a first 
order confinement-deconfinement phase transition 
along the T axis. Since a discontinuous change 
will not be removed by a large but finite quark 
mass, this first order phase change must be a line 
of transitions in the m-T plane as shown in Fig. 4. 
Along the m = 0 axis there is a chiral symmetry 
restoration transition. By the arguments of Pis- 
arski and Wilczek,i6 this transition is first order, 
and therefore must generate a line of transitions 
which extends into the m-T plane. 

Of course, we do not know what happens with 
these two lines of transitions, whether they join 
or never meet, or pass through one another etc. 
There may be no true phase transition at the val- 
ues of masses which are physically relevant, or 
there may be one or two which are the continu- 
ation of the chiral transition from zero mass and 

(b) 

Figure 4: Phase diagrams in the T-m plane for a 
world where chiral and confinement phase transi- 
tions are (a) separate and (b) identified 

the confinement-deconfinement transition from in- 
finite mass. The weight of the evidence from 
Monte-Carlo numerical simulation suggests a very 
large transition in the properties of matter in a 
very narrow temperature range, and not much 
more than that can be said at present. There are 
a variety of conflicting claims as to whether or not 
there is a true first order transition at physically 
relevant masses.1’-22 

There have been serious attempts to obtain re- 
liable quantitative measures of the properties of 
matter from Monte-Carlo simulation.23J’The only 
truly reliable numbers have been extracted for the 
unphysical case of NF = 0, that is, no dynamical 
fermions. It has been shown that the critical tem- 
perature of the confinement-deconfinement transi- 
tion is 

Tc = 220 f 50 Meu (8) 

by fitting the potential computed in these theo- 
ries and comparing it with the potential which fits 
charmonium. This corresponds to an energy den- 
sity of 1 - 2 Gev/Fm3 required to make a quark- 
gluon plasma. These results now appear to be 
valid for the continuumlimit, and seem to be fairly 
good. 

The numerical situation for QCD with NF = 
2 - 3 is not nearly so good. The qualitative results 
have been summarized above, but it is premature 
to draw any firm conclusions about numbers. 

3 The EMC Effect or Physics for 

P I q?cLl 

The density of nuclear matter is p - 150 
Mev/Fm3, a density which is not so small com- 
pared to the scale of densities appropriate for 
QCD. An outstanding question is whether the high 



energy density environment provided by nuclei can 
in anyway allow for an understanding of novel fea- 
tures of QCD. For example, is it possible to mea- 
sure the effects of quarks in nuclear matter, &s 
different from their presence in ordinary nucleons. 

Certainly at some level it must be true that the 
structure functions of quarks in nucleons, QN(Z) 
and those of nuclei, Q*(Z) must be different. The 
presence of a nuclear environment certainly al- 
lows the quarks to propagate over a larger dis- 
tance scale than is true for nucleons. This may 
occur through multi-nucleon interactions where in 
some sense the quark degrees of freedom propa- 
gate through the medium of multi-nucleon forces, 
or it may happen because quark degrees of free- 
dom may propagate more freely because the nu- 
cleon bag swells due to the presence of the nuclear 
medium. In any case, the shift in the spatial corre- 
lation length is correlated with fluctuations in the 
momentum space distributions because of the un- 
certainty principle. On quite general grounds, it 
is possible to show that such an increased freedom 
for quarks results in a degradation of the momen- 
tum of the quarks, that is, the structure functions 
in nuclei are softer than is the case for nucleons. 
(For very fast quarks, however, Fermi motion will 
promote some quarks to the region of z > 1. There 
are not many quarks with such large momentum, 
and this effect is fairly small, and difficult to mea- 
sure. We are measuring the momentum distribu- 
tions of quarks in terms of the energy per nucleon.) 

The difficulty of using ordinary nuclei to mea- 
sure the properties of high density matter are of 
course that the matter density is not so large, and 
more important, the variation in density between 
nuclei is quite small. Because of this small range 
of density variation in a range of densities prob- 
ably significantly lower than is needed to study 
novel features of the phase diagram of QCD, it 
is difficult to assess the possibilities of producing 
such new phases of matter in high energy nuclear 
collisions from data on the EMC effect. 

There has been much discussion of the EMC ef- 
fect at this meeting sse3s. Some claims have been 
made in lunchtime conversations that the effect 
has disappeared. In Fig. 5 the data prior to May 
1986 for the ratio of structure functions of iron to 
deuterium is plotted. In Fig. 6, the corresponding 
new data from this year are plotted, taken from 
Ref. 31. The data in this figure are from Refs. 25- 
27 as given in Ref. 31. The EMC data has been 
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Figure 5: A compilation of data on the EMC effect 
prior to May 1986. 

resealed by 1.05, and the shaded band represents 
the EMC group’s estimate of the systematic un- 
certainty. It is clear that the old data and the new 
data are consistent with one another, if the rescal- 
ing by a factor of 1.05 is done to the old EMC 
data25. This resealing is consistent with quoted 
systematic uncertainties. Not shown on Fig. 6, is 
new data, from Ref. 32 where the ratio of do/dz 
for Fe and deuterium have been measured with 
neutrinos, which is also of about the same size as 
would be inferred from muon measurements. 

The controversy over the EMC effect arises not 
so much from new experimental data, which con- 
firm the effect, but more from theorists enthusiasm 
based on estimates using the old EMC measure- 
ments not resealed by 1.05. Theoretical specula- 
tions have included just about all possibilities from 
the most radical, that quarks are fully deconfined 
in nuclei, to the most conservative, where the ef- 
fect is explained by conventional nuclear physics 
interactions within the nuclear matter. The size of 
the predicted effect is of course directly correlated 
with the radicalness of the theoretical description. 
The two most popular descriptions of the EMC ef- 
fect have been explanations based on conventional 
nuclear physics,33-35 and the description based on 
a variable scale parameter for QCD whose mag- 
nitude depends upon the density of the media in 
which it is measured.3s 

Very general arguments suggest that the con- 
ventional nuclear physics description, baaed on 
models of incoherent nucleons and mesons, must 
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Figure 6: A compilation of new data on the EMC 
effect. 

break down at some density scale. Also, at any 
density, the scale of QCD must change due to 
the presence of nuclear matter. The real issue 
is which description adequately and economically 
describes the data at nuclear matter energy den- 
sities. At this range of densities, there is nothing 
which a priori forces one description to be right or 
another wrong, although the most exciting pos- 
sibility would be that one could not describe the 
effect using conventional nuclear physics. 

A comparison of between the Q2 resealing 
mode13s and a nuclear physics computatior? are 
shown in Fig. 7. In this figure, the Q2 resealing 
model is evaluated for QZ values typical of the 
EMC experiment.The EMC data is the old data 
not resealed down by a factor of 1.05 

This comparison shows that the nuclear 
physics model may do a little better fitting the 
EMC data than does the Q2 resealing model. 
However, when Q* values appropriate for the 
SLAC data are used in this model, it seems to fit 
the data fairly well. I think the conservative con- 
clusion based on this type of comparison is that 
a suitably tailored Q* resealing model or nuclear 
physics model may be designed to fit the data. 
The data therefore do not yet warrant radically 
new phenomenon for their explanation, and a con- 
ventional nuclear physics model seems adequate. 
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Figure 7: Comparison of nuclear physics model 
(upper dashed line) with Q* resealing model (lower 
solid line). 

Perhaps a better a good way of resolving the 
difference between the Q* resealing model, and nu- 
clear physics models may be provided by measur- 
ing anti-quark distributions in nuclei. The nuclear 
physics models typically have larger contributions 
from anti-quarks, arising from an enhanced me- 
son contribution, relative to the resealing model, 
where anti-quark distributions are not much en- 
hanced by simply resealing the distributions. In 
Fig. 8, a comparison of these two models is shown. 
The upper curve is a nuclear physics calculation 
and the lower comes from a resealing model. The 
data points with the large error bars are from 
Ref. 28. The small error bars represent what might 
be gotten from the experiment FNAL-772,s’ With 
the results from FNAL-772, ‘these two different 
models might be clearly resolved. 

In conclusion, it seems there is indeed an EMC 
effect, although no compelling case has been made 
that it might not be explained as a conventional 
nuclear physics effect. Perhaps measurements of 
anti-quark distributions may improve the situa- 
tion. 

4 How to Make a Plasma 

The collisions of ultra-relativistic nuclei and 
fluctuations in pp collisions provide the possibility 
of producing a quark-gluon plasma in a controlled 
experimental environment.3sJ9 Such a collision is 
shown in Fig. 9 where two nuclei of transverse ra- 
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Figure 8: Anti-quark distributions in nuclei. Plot- 
ted is the ratio of anti-quark distributions in Fe to 
D as a function of Feynman x 

dius R collide in the center of mass frame. The lon- 
gitudinal size of the nuclei is Lorentz contracted. 

There is a scale implicit in the Lorentz contrac- 
tion. Once the nuclei have a large enough Lorentz 
gamma factor so that they would be contracted 
to a size less than some typical hadronic length 
scale, possibly a fermi, the Lorentz contraction of 
virtual quanta with energy corresponding to this 
length scale stops. Below the beam energy appro- 
priate for this gamma factor, the nuclei Lorentz 
contract. This energy is E&, z my = y = 7-70 Gev (9) 

for uranium nuclei and the hadronic distance scale 
10 - . l- 1 Fm. Here and in the rest of this paper, 
we shall quote the center of mass energy in Gev 
per nucleon in each nucleus. 

We expect qualitative differences in the scat- 
tering above EsM. Another equivalent estimate 
of E& is given by estimating the energy at which 
the fragmentation regions of the two nuclei sepa- 
rate. At energies greater than EsM there will be 
a central region between the two colliding nuclei, 
which will have small net baryon number density. 

An important fact to remember about the mat- 
ter formed in the collision of two ultra-relativistic 
nuclei is that it is born expanding in the longitudi- 
nal direction. This is because particles are formed 
with a more or less uniform density in rapidity. 
Since these particles follow a trajectory which has 
its origin approximately at z = t = 0, and there is 
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Figure 9: AA collision in the center of mass frame 

a large dispersion in particle velocities, there will 
be a large longitudinal velocity gradient built into 
the initial matter distribution. There should be no 
transverse expansion in the initial condition since 
we expect a random orientation in the transverse 
momentumof produced particles. It can be shown 
that if the distribution of produced particles is uni- 
form in rapidity, the expansion is initially a l+l 
dimensional similarity expansion, and the density 
of particles decreases like l/t. 

The initial energy density may be estimated 
on dimensional grounds. The initial energy den- 
sity should be proportional to the initial rapid- 
ity density per unit transverse area. The energy 
per particle should be of the order of the typi- 
cal transverse momentum per particle. The lon- 
gitudinal distance scale and pi are correlated at 
early time by the uncertainty principle, since ini- 
tially the matter appears in a quantum mechanical 
state, pi - l/1,. We therefore have 

dN 1 
ci - dy nR2 P&h (10) 

The initial time ti will be chosen as the earliest 
time we believe that the matter may be described 
as approximately expanding as a perfect fluid. 

If the matter expands approximately as a per- 
fect fluid, then ci may be bounded by parameters 
which are experimentally measured at late times 
after the matter decouples, that is, after the pions 



present m the late state of evolution of the mat- 
ter have stopped scattering from one another, and 
are experimentally observed. We first use that the 
rapidity density in perfect fluid hydrodynamic ex- 
pansion is proportional to the entropy and because 
entropy is conserved, one can prove that dN/dy 
is also conserved, at least in the central region.‘O 
Since the system cools as it expands, pr is a mono- 
tonically decreasing function of time. (Some of 
the transverse momentum is recovered by trans- 
verse flow, but pr nevertheless monotonically de- 
creases.) We find therefore that 

1 dN 
ei > p: - - 

nR= dy (11) 

In this equation, all quantities are experimentally 
observable. 

Eq. 11 may be used in combination with exper- 
imental data from the JACEE collaboration cos- 
mic ray experiment to estimate ci.” For average 
pp collisions at ECM - 100 Geu, Ei - .6 Gev/F&. 
If we take the average multiplicity for head-on 
collisions to be 2A1j3 as is consistent with the 
JACEE results and conservatively estimate pr as 
the value appropriate for j~p collisions, we find 
Ci - 10 Geu/Fm3. 

To emphasize how difficult it is to make these 
cosmic ray measurements, I have shown in Fig. 10, 
a photo of the emulsion in a C Pb interaction at 
total energy of about IO3 Gev. This is the most 
energetic interaction found in the JACEE experi- 
ment to date. If the reproduction appears to you 
to be only a black splot, you are not mistaken. The 
analysis of events with so many tracks in such a 
small emulsion chamber as can be put on a balloon 
is difficult. 

The initial energy density might be much 
larger than this for a variety of reasons. In fluc- 
tuations in jjp collisions, the multiplicity may be 
much larger. In nuclear collisions, the initial pr 
may be much larger than is typical of the final 
state. This initial pi may be determined by ki- 
netic theory arguments, and might be in the range 
of .4 - 2 GvJ,‘~@ corresponding to uncertainty in 
the energy density of at least an order of magni- 
tude. The initial transverse momentum, and cor- 
respondingly, the initial time, may even depend 
upon the nuclear baryon number A.44-‘6 I think 
the best estimates of the achievable energy den- 
sities in central collisions of large nuclei is 2 - 
200 Gev/Fm3. This corresponds to an initial tem- 

L ., - I 

Figure 10: Emulsion photo of the most energetic 
cosmic ray interaction yet recorded in the JACEE 
experiment 

perature in the range of ‘Pi N 200 - 700 Mev. 

Such a large uncertainty in the parameters 
which describe matter formed in ultra-relativistic 
nuclear collisions is unfortunately typical of the 
field, a field where there has been little experi- 
mental data. While the range of achieved energy 
densities seems sufficient to form a quark-gluon 
plasma, there is much reason for caution. 

To make a convincing case that there is suf- 
ficient time for the formation and evolution of a 
quark-gluon plasma as an approximate perfect 
fluid, the expansion rate of the system should be 
compared to a typical particle collision time. 
When the collision time is much less than the ex- 
pansion time, the system should expand approxi- 
mately adiabatically as a perfect fluid. Since en- 
tropy is conserved, the initial and final times for 
expansion in d dimensions are related by 

d N;,, TP = - 2 - 10 - lo4 
Ndfa, T, 

O-4 

where o is the entropy density and NdOf are the 
number of particle degrees of freedom. At early 
time, the expansion is 1 dimensional, and later 
times becomes three dimensional. We estimate 
therefore that tf/ti - 10 - 103. Detailed hydro- 
dynamic computations show that the final decou- 
pling time is probably somewhere in the range of 



lf - 20 - 50 Fm/c.47~‘8 

Large nuclei are clearly the more favored sys- 
tem for producing and studying a quark-gluon 
plasma. This follows simply from the facts that 
the average energy density achieved is larger, and 
that the system is physically larger in transverse 
extent. We require X,s.t << &,,, in order for a 
perfect fluid hydrodynamic treatment to be sensi- 
ble. Estimates of A,,., give .l F 1 Fm.42,43 

Experimental data exists which throws some 
light on the size of systems necessary for fluid dy- 
namic effects to become important. At Bevalac 
energies, the flow of hadronic matter was studied 
in nuclear collisions.‘9~60 In collisions of nuclei of 
small impact parameter, single particle collisions 
occur at large transverse momentum. The nuclei 
do not collectively flow in a given transverse di- 
rection unless there are subsequent rescatterings 
among the constituents of the nuclei. If these sub- 
sequent rescatterings do not occur, the transverse 
momentum of each particle is randomly oriented. 
To get collective flow, one needs rescattering, and 
this should be enhanced in collisions at small im- 
pact parameter, and collisions of large A nuclei. 

In Fig. 11, the flow angle is plotted for various 
measures of the impact parameter (large impact 
parameters at the top and small at the bottom 
of the figure) for various nuclei (small on the left 
and large on the right). Little evidence of flow is 
shown for nuclei as large as calcium, and collective 
effects begin to become important for nuclei of the 
size of niobium. 

5 Probes of the Quark-Gluon Plasma 

In Table 1, various experimental probes of the 
quark-gluon plasma are presented. 

Flow angle B (degrees) 

Figure 11: Flow distributions ss measured by 
Gustafsson et. al. 

Probes of the Quark-Gluon Plasma 
Probe / Physics 
Photons and T,, TPT, Plasma exp- 
Dileptons ansion, impact 

parameter meter, 

------I resonance melting 
Equation of state, 
Evidence of fluid 

pt distributions 

li’-‘-1 
Pion Correlations Size and Lifetime 

Jets 
of plasma 
Scattering cross 

------I section of quarks 
or gluons with 
plasma and hadronic 
matter 

We shall discuss in detail these probes in this 
section. The bottom line on all of these probes is 
that they all will involve correlations between sev- 
eral variables. For example, just the requirement 
of head-on, small impact parameter collisions re- 
quires a cut either on total multiplicity or nuclear 



Figure 12: Quark anti-quark annihilation into a 
di-lepton pair 

fragmentation. Because of this often times compli- 
cated analysis of correlated variables, it is difficult 
to argue that any one of the probes will yield an 
unambiguous signal for a plasma. Nevertheless, in 
several cases such as photon and di-lepton probes, 
with a little luck it may be possible to construct 
a convincing case that a plasma has been formed, 
and to measure some of its properties. 

5.1 Photons and Dileptons 

In Fig. 12, quark-antiquark annihilation to pro- 
duce di-lepton pairs is shown. If we sum over all 
possible quark-gluon interactions in the initial and 
final state, then the overall rate for production of 
di-leptons and photons per unit time and volume 
is proportional tos’ 

dN 
dtd%ddq 

- Im 
/ 

d’z < J’(z)J”(O) > eiqZ 

(13) 
This assumes emission from a plasma at a fixed 
temperature T. The brackets <> denote a thermal 
expectation value. The current Jr(z) has a real, 
Minkowski time argument. 

There are of course a variety of non-thermal 
sources for di-leptons and photons. There are 
backgrounds for photons from W’ decays, which 
in the low q region obscure the signal. There 
may also be backgrounds for the di-leptons aris- 
ing from decays of charmed particles. For large 
q, hard scattering processes from the initially un- 
thermalized beams of quarks and gluons presum- 
ably dominate. As the momentum is softened, the 
contributions arise from an ever more thermalized 
system which eventually may come from a plasma, 
provided backgrounds from soft hadronic decays 
do not become too large of a background. In this 

intermediate range of q, there are several thermal 
regions which contribute. At the higher’ q values, 
there is presumably a contribution from a quark- 
gluon plasma, at lower q a mixed phase of plasma 
and hadronic gas, and at the lowest q values larger 
than that for which background becomes impor- 
tant, there is a contribution from a hadronic gas. 

To compute these distributions of photons and 
di-leptons, a knowledge of the space-time history 
of the evolution of the quark-gluon plasma is 
required.5z-55 Detailed estimates of the space-time 
evolution of matter produced in head-on collisions 
of nuclei at large A have now been carried out,56-so 
and the di-lepton distributions have been com- 

puted in detail. There has as yet been no at- 
tempt to treat non-zero impact parameter colli- 
sions. Techniques have also been developed to 
study the fragmentation region.61-63 No attempt 
has been made to treat the pm-equilibrium region, 
although the cascade computation of Boa1 may be 
useful for this6’ A treatment of the late stages 
in the evolution of the matter are best treated by 
cascade simulation of pion interactions, and again 
could easily be used to compute di-lepton and pho- 
ton distributions.@ 

The general results of these analysis are the 
following: 

1) For photons and di-leptons emitted from the 
plasma, the rapidity density of the electromagnet- 
ically produced particles is correlated with the ra- 
pidity density squared of hadrons. This has been 
shown to be a general feature of models where the 
electromagnetically produced particles are 
produced by final state interactions of hadrons.ss 
A plot of this correlation computed in a If1 di- 
mensional hydrodynamic model is shown in 
Fig. 13.59 

2) Pion rapidity fluctuations are correlated 
with fluctuations in the di-lepton and photon pro- 
duction rate, at the same rapidity, for thermal 
emission. This correlation is much different from 
the case for Drell-Yan pair production where there 
is no such correlation. 

3) The rate ;of thermal production may be as 
high as IO2 times background for not unreasonable 
values of the temperature. The plasma contribu- 
tion is most sensitive to the values of the initial 
temperature when the system becomes thermal- 
ized. In Figs. 14a-14b, these thermal distributions 
are compared to backgrounds from Drell-Yan, and 
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Figure 14: Di-leptons in ultra-relativistic nuclear 
collisions as a function of mass of di-lepton pair, 
(a) for an initial temperature of 500 Mev and (b) 
for 250 Mev. 

a generous estimate of backgrounds from 
resonances and other low pr phenomenon. For an 
initial temperature of 500 Mev, the thermal signal 
is always 10’ times background for mssses of 2-4 
Gev, as shown in Fig. 14a. For initial tempera- 
ture of 240 Mev, the di-lepton spectrum is shown 
in Fig. 14b. Here the plasma contribution is of 
the same order as the Drell-Yan contribution for 
masses of 2-4 Gev. 

4) The shape of the thermal di-lepton distribu- 
tion is fairly sensitive to Z, the largest value of the 
temperature for which there is a thermal distribu- 
tion. The effects of a pre-equilibrium distribution 
of quarks and gluons has not yet been included so 
this conclusion is a little soft. 

5) For a quark-gluon plasma at high temper- 
ature, the distribution of di-leptons is a function 
only of the transverse mass, Mt = {i& + p$}“’ 
There should be a strong correlation between M 
and pr, a correlation not present in the Drell-Yan 
distribution for intermediate msss pairs. 

6) The distribution of di-leptons in no simple 
way reflects the transition temperature. This is 
a consequence of doing a proper 3+I dimensional 
hydrodynamic computation. In 1+1 dimensional 
computations, the transition temperature controls 
the distribution in the region of M N 1 - 2 Gev. 
The shape does of course weakly reflect the tran- 
sition temperature, but there seems no obvious or 
convincing way to extract it. 

7) The proposed melting of low mass 
resonances such ss the p and W, characteristic of 
If1 dimensional hydrodynamic simulations, s’-m 
is not verified in 3+1 dimensional computations. 
In If1 dimensions, the p and w disappear as a 
resonance in the mass spectrum at large p.r since 
di-leptons at large pr are emitted from a high tem- 
perature plasma. A high temperature plasma has 
no p or w resonance. This effect disappears in 
the 3fl dimensional computations because trans- 
verse expansion makes a large amount of rapidly 
expanding hadron gas. This transversely expand- 
ing hadron gas dominates the spectrum for masses 
of M - 1 Gew and large pr. The melting phe- 
nomenon is presumably still effective for large 
mass resonances such as the .I/+,“’ 

Some evidence for what may be thermal di- 
leptons has been proposed in the ISR experiment 

‘l R807/808 . They have attempted to correlate the 
ratio of single electrons to pions with total charged 
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Figure 15: The correlation between e/r in exper- 
iment R807/808. 

particle multiplicity. In Fig. 15, this correlation is 
plotted. This ratio should go like dn/dy of charged 
particles for a thermal source. The data seem to 
point in this direction, but to have a reliable indi- 
cator, it would be useful to have many of the other 
variables mentioned above measured. 

5.2 The Correlation of pr and g 

The correlation between pr and dN/dy reflects 
properties of the equation of state of matter.‘z973 
This is easily seen from the example of a spheri- 
cally expanding gas. We assume that at some ini- 
tial time, there is a spherically symmetric drop of 
hadronic matter of uniform density matter at rest. 
We then allow the system to hydrodynamically 
expand. We assume we know the volume of the 
initial system, V,. We measure the total energy 
of all particles and the total multiplicity of parti- 
cles in the final state. Since the system is slowly 
expanding at late times, the entropy of particles 
in the final state is known assuming the particles 
were produced thermally from a weakly interact- 
ing gas. Since energy and entropy are conserved 
in the expansion of a perfect fluid, the energy and 
entropy of the final state is that of the initial state. 
We can therefore experimentally measure the cor- 
relation between say pT, which is proportional to 
E/S, and the energy density.74,‘5 We can compare 
this to a theoretically predicted correlation deter- 
mined by knowing the equation of state. 

A plot of E/S verse E is shown in Fig. I6 for a 

Figure 16: E/S vs c in the MIT bag model 

bag model equation of state. The generic features 
of this curve are straightforward to understand. 
At low temperature, in the pion gas phase, and 
high temperatures, in the plasma phase, E/S - 
T. The energy density in these two phases goes 
aat - Nd,fT’. Since the number of degrees of 
freedom changes at the transition, there is a gap 
between these two curves. The gap is filled by 
the region where the plasma cools into a pion gas. 
This happens at a 6xed T, and almost fixed E/S, 
for varying c. 

There are several problems when this is applied 
to the more realistic expansion scenarios appropri- 
ate for central collisions of heavy nuclei. First pr is 
not conserved since longitudinal expansion causes 
the transverse momentum of individual particles 
to be converted into un-observed collective flow 
in the longitudinal direction. A correlation be- 
tween pT and say multiplicity is therefore weaker 
than is the case for spherical expansion. It also 
depends more on the detailed numerical simula- 
tion of the hydrodynamic equations. Also, the 
initial conditions for the matter are not so well 
known. The final state de-coupling and perhaps 
a phase change may produce some entropy. For- 
tunately these problems do not appear to gener- 
ate much dispersion in the numerical results for 
such a correlation. 65 Finally, a severe limitation 
of present hydrodynamic simulations is that they 
are limited to the central region of impact param- 
eter zero collisions. If we only have a multiplicity 
trigger to measure the degree to which collisions 
occurred at zero impact parameter, then the low 
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Figure 17: pr vs multiplicity in head on heavy ion 
collisions for an ideal gas equation of state (upper 
curve) and a bag model (lower curve) 

multiplicity events will always be dominated by 
large impact parameter, and their contributions 
have not been computed. The present computa- 
tions may therefore only provide information on 
head-on collisions and their fluctuations. Since the 
number of particles is already large, the fractional 
fluctuations in the multiplicity for such head-on 
collisions is small. 

There is also the potential problem of back- 
grounds from conventional processes such as mini- 
jets obscuring the pT enhancement from a quark- 
gluon plasma. ‘s At energies typical of the SPS 
collider, production of mini-jets is presumably re- 
sponsible for the high multiplicity events. In nu- 
clear collisions at energies less than or equal to 
those proposed at RHIC, mini-jets are not 
expected to be a large background since the beam 
energy is low. Moreover, mini-jets should thermal- 
ize in the high multiplicity environment typical of 
central collisions of large nuclei, thus changing the 
initial conditions by making the matter initially a 
little hotter, but yielding a correlation between pr 
and dNjdy which may be computed by hydrody- 
namics. 

In Fig. 17, the results of a hydrodynamic com- 
putation of pr vs dN/dy is shown for an equation 
of state typical of the bag model and a pion gas 
equation of state. The difference between these 
curves is large suggesting that an experimental 
probe of this correlation can resolve various equa- 
tions of state. A general feature is that the softer 
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Figure 18: pT vs diV/dy scaled by 1/A for a variety 
of A 

is the equation of state, the softer is the pT. A 
quark-gluon plasma produces lower pr particles at 
fixed multiplicity than does a pion gas. 

In Fig. 18, the same correlation is shown for 
head-on collisions of various nuclei. The curves 
approximately scale ss a function of l/A dN/dy. 
The factor of 1/AZ13 dN/dy arises because the re- 
sult must be proportional to the multiplicity per 
unit area. An additional suppression by a factor 
of A’/3 arises due to the softening effects of longi- 
tudinal expansion. 

As has been argued by Shuryak,‘s heavy parti- 
cles should show the effect of collective transverse 
expansion more strongly than do light particles. 
This is shown in Fig. 19 where pr is computed for 
pions, kaons and nucleons as a function of multi- 
plicity. The physical origin of this effect is that in 
fluid expansion, there is a collective fluid velocity. 
Heavier particles have larger mssses and therefore 
p = mvy is correspondingly larger. 

In Fig. 20, the pr distributions of pions, kaons 
and nucleons are shown. The distribution of nucle- 
ons clearly shows the effects of collective flow with 
the local maximum in dN/d*pr at pT - 1 Geu. 

In Fig. 21, an attempt is made to fit the ex- 
perimentally observed correlation between pT and 
transverse energy per unit rapidity as seen in the 
JACEE collaboration.” The JACEE data rises 
too rapidly to be explained by a quark-gluon 
plasma. The data does seem to be fit by a pion gas 
model (dashed line), but the temperatures where 
the system would be required to be in an ideal pion 
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Figure 19: Average pr vs dN/dy for a variety of 
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Figure 21: An attempt to fit the JACEE cosmic 
ray data with a bag model and ideal gas equation 
of state. The upper curve is the ideal gas 

gas are quite large, and we consider this explana- 
tion unlikely. Either there is some non-thermal 
source of high pr particles in the JACEE data, 
something is wrong with the space-time picture of 
the collisions,” or something is wrong with the 
data analysis. 

There has been some recent data from p-Pb 
collisions which indicate that there may be an en- 
hancement in the ET distribution. ‘7 In Fig. 22, 
the ET distribution of p-Pb collisions is compared 
to that of pp collisions, and a Glauber theory 
based multiple scattering model, the Hi-Jet 
Monte-Carlo.‘* and by Ranft et. al.” The theoret- 
ical computations do not give nearly the spread in 
ET which is experimentally observed. The impli- 
cations of this ET enhancement for nucleus- 
nucleus collisions is not yet known, except that 
if this enhancement appears in nuclear collisions, 
the energy densities achieved may be higher than 
would be expected from conservative estimates. 

5.3 Strange Particle Production 

Strangeness has been widely suggested as a pos- 
sible signal for the production of a quark-gluon 
plaema.80~81 The argument for large strangeness 
in its most naive form follows from the observa- 
tion that there are equal numbers of up, down and 
strange quarks in the plasma. One might naively 
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Figure 22: The ET distribution for p-Pb collisions 
measured in the HELIOS experiment compared to 
the predictions of Hi-Jet and Ranft et. al. 

expect that there would be roughly equal numbers 
of kaons and pions produced, and that the ratio of 
strange to non-strange baryons would be propor- 
tional to their statistical weight, NslN~s - 2/3. 

For the case of mesons, the above argument 
may be easily seen to be false.s2~s3 In the expansion 
of the quark-gluon plasma, and later the hadron 
gas, entropy is conserved, and the pions are a 
result of this entropy. A better measure of the 
strangeness of a plasma is therefore the K/S ra- 
tio, where S is the entropy. This may be com- 
puted and shown to be smaller in a plasma than 
in a hadron gas for all temperatures larger than 
100 Mev. The K/x ratio is therefore not a di- 
rect signal for a plasma. Further, the K/x ratio 
may be computed in a variety of hydrodynamic 
scenarios.83-ss The result is typically K/n - .3. 
This number is a little larger than is typical of 
pp interactions. As has been suggested by Rafel- 
ski and Muller, perhaps only if a plasma is formed 
will the dynamics allow for such a large K/n ratio, 
and therefore is a signal of interesting dynamics, 
or perhaps even the production of a plasma.*’ 

Strange baryons and anti-baryons may also 
provide a signal. Direct computations of the ra- 
tio of the ratios of strange to non-strange baryons 
in a plasma to that in a hadronic gas shows how- 
ever that a hadronic gas is (if at all) only a little 
less strange than a plasma.82~8s These estimates 
are done for net baryon number zero plasma, and 
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Figure 23: The paths which two particles may take 
to coincidence detectors 

an enhancement may exist for the plasma in the 
baryon number rich region. At RHIC and SPS 
energies, the baryon number density is effectively 
small at all rapidities, and this should be a good 
approximation. Again, although this ratio of ra- 
tios indicates a lack of a signal for equilibrium 
quark-gluon plasmas, the ratio of non-strange to 
strange baryons is large, .3-2, in either scenario 
for lOOMew < T < 300Meu. This number is far 
larger than is typical of pp interactions, and again 
by the arguments of Rafelski and Muller, perhaps 
the only way to dynamically achieve this is by pro- 
duction of the plasma. s7 This ratio is therefore in- 
teresting for dynamical reasons. 

I conclude therefore that a large strangeness 
signal is not a direct signal for production of a 
quark-gluon plasma. It is almost certainly a signal 
for interesting dynamics, and it may be true that 
the only reasonable dynamical scenarios where 
large strangeness may be produced involve the for- 
mation of a quark-gluon plasma. 

5.4 Hanberry-Brown-Twiss 

The Hanberry-Brown-Twiss effect arises from the 
interference of the matter waves of identical par- 
ticles as they are measured in coincidence experi- 
ments. In Fig. 23, the two possible paths of 
particles from emission to two coincidence detec- 

tors are shown. If the amplitudes for this pro- 
cess are summed and squared, even for incoher- 
ent emission amplitudes, the result depends on the 



distance of separation of the emission regions. For 
relative particle momentum k 5 R, the detection 
probability is modified from its incoherent form. 

The measurement of identical particles closely 
correlated in momentum therefore allows the pos- 
sibility of measuring properties of the space-time 
evolution of matter produced in heavy ion 
collisions.sD-93 One can in principle measure the 
size and shape of the matter at the temperature 
when decoupling occurs, and perhaps verify the 
existence of an inside-outside cascade description. 
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The theoretical predictions of the Hanberry- 
Brown-Twiss correlation rue complicated by a va- 
riety of factors. The interference may be obscured 
by final state hadronic interactions which are dif- 
ficult to compute. The space-time profile of de- 
coupling is not yet so well known, and depends on 
details of the hydrodynamic simulations as well 
ss the details of decoupling. Assuming that de- 
coupling occurs at late times and large transverse 
sizes, t, r~ 5 R, the correlation occurs only for 
very small relative momentum, and is very diffi- 
cult to measure. 

5.5 Jets 

The rescattering of jets after production in a 
quark-gluon plasma in principle provides a probe 
of the plasma and hadronic matter as the jet plows 
through the evolving system.94-96 The jets will 
scatter from the constituents of the plasma as well 
as the constituents of hadronic matter which forms 
later. The degree of scattering is a measure of the 
quark-matter or gluon-matter cross section. 

This scattering can dramatically change quan- 
tities such as the jet acoplanarity, and can produce 
phenomenon such as single jets. Theoretical pre- 
dictions of jet acoplanarity for a Variety of jet pT 
for an A = 100 nucleus are shown in Fig. 24. The 
dashed curve represents the theoretical prediction 
in the absence of a hadronic matter distribution. 
The solid line includes rescattering. For jets of 
mass 10 Gev, the difference is striking, and the 
rescattering removes the planar nature of the jets. 
Even at jet mass of 20 Gev, the difference is still 
significant, and the jets are remarkably planar. In 
fact at these masses, the jets are probably largely 
extinguished. 

The experimental measurement of this acopla- 
narity is very difficult. Particles with low rapidi- 
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Figure 24: Acoplanarity distributions for jets in 
head on A=100 collisions (a) Q=lO Gev, (b) Q=20 
Gev (c) Q=40 Gev 



Figure 25: Center of mass energy per nucleon vs 
center of msas rapidity for various heavy ion ac- 
celerators 

ties along the jet axis, y < 2, must be somehow 
removed from the sample of particles contribut- 
ing to the acoplanarity distribution. These low pi 
particles arise from conventional low pi processes, 
and have little in common with the high pi parti- 
cles associated with the jet. 

6 Who, What and When 

There are a variety of proposed and existing 
relativistic heavy ion machines where experiments 
of on.e sort or another might be done. In Fig. 18, 
the rapidity gap produced in such machines is plot- 
ted against allowed center of mass energy.Q7 (On 
this plot, the proposed ITEP machine is not in- 
cluded. This machine falls a little above the syn- 
chophasetron.) The AGS, RHIC and the SPS are 
the only machines where a reasonably large rapid- 
ity gap may be accessed. The RHIC is the only 
machine which may achieve truly asymptotic en- 
ergies where a central region opens up. 

In addition to beam energy, an important fac- 
tor for these machines is the A of nuclei which 
will be accelerated. The AGS in the near future, 
and the SPS for the foreseeable future will accel- 
erate light ions. In view of the Bevalac data on 
flow angles, this may be a dangerous thing to do. 
The collisions at the SPS and the AGS can in- 
volve light nuclei on heavy targets, but this consid- 
erably complicates any theoretical analysis. Per- 
haps some hint of the formation of a quark-gluon 
plasma may be extracted from such collisions, or 

if there is much good luck, a compelling case. A 
more important concern is however to’ see what 
can and cannot be measured in the dirty experi- 
mental environment provided by ultra-relativistic 
nuclear collisions. 

In Table 2, the number of experiments and 
number of 

People and Experiments 

-1 

University 93 115 208 
Lab 66 93 159 

High Energy 23 109 132 
Nuclear 136 99 235 
us I99 71 170 

Non-US 1 60 ( 140 1 200 1 
experimentalists involved is shown for the exneri- 
mental programs at the SPS and the AGS.Qa There 
are 5 major experiments which will analyze heavy 
ion collisions at the SPS and 12 experiments at 
the AGS. About 159 physicists are involved in the 
AGS program, and 208 at the SPS. The nuclear ex- 
perimentalists outnumber the high energy by 235 
to 132, but there is nevertheless a large commit- 
ment from both communities. 

Not shown in Fig 25, or listed in Table 2 is 
the experimental work done at FNAL. The exper- 
iment CO is a dedicated quark-gluon plasma ex- 
periment at the Tevatron, involving 27 people.Qs 
There will also be a small effort with CDF and 
perhaps DO to look at high multiplicity, soft pro- 
cesses. These experiments are to be done at very 
high energy, and of course only with @ collisions. 
The emphasis will be on high multiplicity fluctu- 
ations in these collisions, where almost nothing is 
known about collective effects, or the degree of 
applicability of a hydrodynamical description. 

Ultra-relativistic nuclear physics begins at the 
AGS and SPS with light ions in the fall of 1986. 
By 1989, the AGS with a booster should be able 
to accelerate heavy ions, such as gold. The RHIC 
project at BNL has R and D money as of 1986. 

The largest experiments at the AGS are E802, 
ES10 and E814. ” ES02 will measure inclusive 
cross sections with full particle identification over 
a complete kinematic range, with global event trig- 
ger. ~810 will measure global properties of events. 
E814 will measure fragmentation with global event 



triggers. 

At the SPS, the major experiments are NA38, 
NA35, NA36, WA80 and NA34.1°0 NA38 is a muon 
pair experiment. NA35 has a 4x calorimeter and a 
2x streamer chamber. NA36 involves a TPC and 
27r calorimeter. NA34 has a 4x calorimeter, an 
external spectrometer, and will measure photons 
and muon pairs. 

At FNAL, CO will measure multiplicity in the 
central region, inclusive cross sections and has par- 
ticle identification over a wide kinematic range. 

7 Acknowledments 

I gratefully acknowledge the rapid tutorials I 
received on the EMC effect, a subject the sub- 
tleties of which I am largely ignorant, before and 
after this meeting by E. Berger, R. Jaffe, C. 
Llewellyn Smith and D. Roberts. 

8 Questions 

Morris Pripstein (LBL): In your discussion of 
the EMC effect, you showed that the effect still 
exists, but then you posed the question ‘Is the 
effect of interest?’ Could you be more explicit in 
your answer? 

McLerran: Interest is of course a personal is- 
sue. I would be interested if the EMC effect 
showed an effect which is beyond the ability of 
conventional nuclear physics to describe. It ap- 
pears that the data is describable by conventional 
nuclear physics. This might not be the case after 
a careful measurement of anti-quark distributions 
as a function of A, and then I would be interested. 
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